When subjected to the dynamic load, the behavior of the structures is complex and makes it difficult to describe the process of the deformation. In the paper, an analytical model is presented to analyze the plastic deformation of the steel circular tubes. The aim of the research is to calculate the deflection and the deformation angle of the tubes. A series of assumptions are made to achieve the objective. During the research, we build a mathematical model for simply supported thin-walled metal tubes with finite length. At a specified distance above the tube, a TNT charge explodes and generates a plastic shock wave. The wave can be seen as uniformly distributed over the upper semicircle of the cross-section. The simplified Tresca yield domain can be used to describe the plastic flow of the circular tube. The yield domain together with the plastic flow law and other assumptions can finally lead to the solving of the deflection. In the end, tubes with different dimensions subjected to blast wave induced by the TNT charge are observed in experiments. Comparison shows that the numerical results agree well with experiment observations.
Introduction
Pipeline systems are the main elements of many types of engineering structures, such as aerospace, marine, petrochemical, nuclear, and power generation. Suffering impact or blast loads, the structures will undergo large deflection or even damage. Due to the increased security needs and the occurrence of accidental or intentional explosions, the subjects of structures suffering transverse blast load are of interest all over the world [1] [2] [3] [4] [5] [6] .
In most engineer applications, structural elements can be geometrically classified as being beams or plates. As for tubes, they can be classified as being hollow beams or thin wall cylindrical shells. The subject plays an important role in the industrial systems, so there have been many experimental and analytical investigations focus on the structures behaviors when subjected to transverse blast load. The previous investigations are mostly on beams, including blast tests on solid steel beams done by Humphreys [7] and Jones et al. [8] . Symonds and Jones [9] also did experimental research on fully clamped beams. The analytical investigations of rigidplastic beams subjected to transverse impulsive loads were done by Lee and Symonds [10] , Symonds [11] , and Jones [12] . The methods they used are generally based on the exact maximum normal stress bending-membrane yield curve shown in Figure 1 , which can be simplified using the approximate square yield curves also shown in Figure 1 . The square yield curve can provide reasonable bounds to the exact solution and good agreement with tests in references [8, 9, 13] . The above experimental and analytical investigations are mainly on the behaviors of solid beam section, while the hollow sections provide an additional complication for the localized cross-section distortions in addition to the beam-bending deflections. The research on the steel circular hollow beams mostly focuses on the quasistatic transverse loads, which result in both local indentations and global beam bending [14] [15] [16] . However, only a small number of studies on steel hollow section beam subjected to local transverse impact load can be found. Jones et al. reported an extensive series of experiments on clamped circular tubes under transverse impact loads at different points along the span [17] . Analytical studies by Jones et al. provided rigid-plastic solutions using exact parabolic interaction curves of the locally deformed sections. Some other papers also study the effects of internal pressure on the transverse impact response of circular hollow section beams [18, 19] . There is a very strong tendency that the final expressions of the dynamic plastic deformation should be presented in a dimensionless form [20, 21] . In Zhao's paper, he suggested a dimensionless number, which is named "Response Number Rn" and widely used for the characterizing of the dynamic plastic deformation of various structures [21] .
From the above discussion we can see that most researches idealize the material behavior as being elasticperfectly plastic or rigid-perfectly plastic. Such a simplification permits the study of the main characteristics of structures with relative simplicity and without great loss of accuracy. In fact, the dynamic structural response can be satisfactorily predicted by a rigid-plastic model [22] , in which the governing equations of the structure can be greatly simplified by neglecting elastic effects on the plastic deformation.
As is mentioned in Yakupov's paper [23] , suffering external loads, lots of the pipelines used in the underground oil traveling industry or the offshore industry will experience local deformation. Yakupov made a series of researches on the local plastic deformations of cylindrical shell under the action of the explosive. Based on Yakupov's theory, this paper introduces an analytical method to study the dynamic plastic deformation of metal tubes subjected to lateral blast loads and also reveal the relationships between the structures and the shock waves. During the research, we set up a calculation model to study the dynamic response of steel tubes shown in Figure 2 . The thin-walled tubes with finite length are simply supported at the two ends. At a specified distance above the tube, a TNT charge explodes and generates a plastic shock wave. The shock wave can lead to the local plastic deformation of the tube as shown in Figure 3 . Based on the different intensity of the wave, we can divide the plastic deformation progress into two modes: Mechanism I and Mechanism II. According to the plastic dynamic theories, we can assume the tube material to be ideally rigid-plastic and use the piecewise-linear Tresca yield condition to simulate the plasticity condition of the tubes. The yield conditions together with the plastic flow law and initiation conditions can lead to the final plastic deformation of the thin-walled tubes. Figure 2 . The shape of the explosive charge is assumed to be cuboid, so the shock wave can be seen as planar waves at the middle spot of the tube. The shock wave produced by the detonation causes the air to move. When the wave reaches the surface of the tube, the interaction between the moving air and the tube impedes the air velocity and causes a significant increase in the load on the tube surface. The pressure on the surface rises very quickly to the peak reflected pressure, instead of the incident peak pressure. Then the reflected pressure decays to zero within 0 . The typical pressure-time history curve is shown in Figure 4 . In order to simplify the calculation, we use the decaying shapes shown in Figure 4 (b).
Theoretical Analysis Model

Shock Wave Load. The theoretical analysis model is shown in
As the pressure only acts on the upper part of the circular section, so we can use the "isolated element principle" [23] and define the wave pressure in the following form:
Mathematical Problems in Engineering where 1 is the peak pressure of the reflected wave and 1 = 0 (1 + √ ); is the compression exponent; 0 is the period over which the pressure acts; and is the angular coordinate.
Governing Equation.
The dynamic behavior of the thinwalled cylindrical shell can be expressed in the following form [22] :
where is the bending moment in the peripheral direction; and are the tangent and normal stresses in the mean surface; and are the radius and thickness of the tube; is the density of the material; is the pressure defined in (1).
The prime denotes differentiation with respect to and the dot with respect to .
Yield Condition.
According to Hodge and Norman's theories, the phenomena which actually take place under a dynamic loading will be complex, but certain simplifications may be made in order to get the satisfying result. The present paper is concerned with a load which is greater than the static collapse load so that the elastic strains, both static and dynamic, may reasonably be neglected. For a perfectly plastic material, the reduced stress resultants must satisfy certain inequalities which depend upon the yield condition and the cross-section of the tube. This may be expressed in geometrical terms by stating that the stress point must lie within a certain bounded domain called the yield domain. For the particular case of Tresca's (maximum shearing stress) yield condition, Drucker has found the yield domain of Figure 5 (a) for a uniform section and Hodge has found the curve of Figure 5 (b) for an ideal sandwich section. In the analysis to 
follow, a simplified yield domain as shown in Figure 5 (c) will be considered. The simplified yield condition has been used in many research papers. For a perfectly plastic material the stress profile must lie in or on the yield domain. Points of the tube where the stress profile lies within the yield domain must remain rigid, while at a boundary point a certain strain rate vector must be normal to the boundary. From Hodge we can see in this paper only the sides AD and AB and the vertices A and B of the yield domain are appropriate, and these will be denoted by plastic regime AD, plastic regime A, and so forth. The resulting stresses and strain-rates are listed in Table 1 , together with the equations and inequalities which derive from them.
Mechanism of Local Plastic Deformation
Mechanism I.
For rigid-plastic structures undergoing large displacements, the rate of external work and the rate of internal energy dissipation are fully defined by prescribing suitable velocity and displacement fields. The accuracy of the approximate solutions depended on the right choice of the velocity and displacement fields. During this mechanism, when the incident wave pressure is greater than the static collapse pressure of the tube, there appear three plastic joints at the points = 0, ± 1 ( Figure 6 ). The middle plastic joint is moving while the other two are static ones.
From the above discussion we know that the segments between the two static joints are in a plastic state AD. The flow law corresponding to this state can be written in the form:
wherėanḋare generalized deformation velocities, corresponding to generalized stress and . From Table 1 we can acquire the following equation:
Thus the flow law which is a solution of the above equation can be defined as ( Figure 5 )
where 1 and 2 are constants and satisfying the conditions: Applying the initial conditions to the velocity equation, we can acquire the following velocity equations:
From the above discussion and using the stress field and flow law, we can transform (2) to the following form:
The solution of (8) must also satisfy the boundary conditions:
If we denote by 1 the bending moment of the region 0 ≤ ≤ 1 , substituting in (8) the equation (1) and the first equation of (7) and satisfying the first two equations of (9), we can get the following equation:
Applying the last two equations of (9) to (10) and transform to the angular coordinate, we get
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From (11) we can also get the expression for the coordinate 1 as a function of wave pressure at the time of reflection:
As (10) must obey the yield condition: 1 (0, ) ≤ 0, 1 (± 1 , ) ≥ 0, we can acquire the following conditions for 0 of Mechanism I:
3.2. Mechanism II. When the shock wave pressure is much greater than that in Mechanism I, there appear four plastic joints at the points = ± 0 , ± 1 ( Figure 7 ). During this mechanism, region I (− 0 ≤ ≤ 0 ) is in a plastic state A, while region II is in a plastic state AD ( Figure 5(c) ).
According to the plastic flow law, we can get velocity field in the following form ( Figure 6 ):
Based on Jones's theory, we can get the equation of motion for region I:
As for region II, analysis is analogous to that in Mechanism I. We can substitute in (8) the second expression of (15) . The solution must satisfy the following conditions:
Applying the above conditions, we can get
The expression for the coordinate 0 as a function of wave pressure has the form:
From the yield condition: 2 ( 0 , ) ≤ 0, 2 ( 1 , ) ≥ 0, we can acquire the following conditions for 0 of Mechanism II:
In Mechanism II, the motion of the tube can be divided into three stages. The first is the drive stage. During the first stage, the plastic joint 0 remains static. At the end of the first stage the velocity reaches its highest value and the acceleration velocity decays to zero. In the second stage, the plastic joint 0 begins to move from 0 to 0. The velocity of the moving joint can be calculated from (16) . Analysis of the third stage is analogous to that in Mechanism I. At the end of the third stage, the velocity decays to zero.
Numerical Examples
Consider a steel circular tube with the dimensions = 50 mm and = 2.75 mm. The yield point of the material = 320 N/mm 2 , and the density of the tube = 7800 kg/m 3 . The duration of the load 0 , as in Chen et al. [24] , is taken as 1.5 ms. From (12) we can get the value of angular coordinate = 0.8832. Meanwhile from the same equation we can acquire different values of depending on different values of / , as shown in Figure 8 .
From (12) we can get the limiting static pressure for Mechanism I, = 23.2 MPa. If the pressure which acts on the surface of the tube is smaller than 23.2 MPa, no motion will take place. If the pressure is greater than , the tube begins to experience accelerated plastic flow. From (13) and (14) we can draw three different curves as shown in Figure 9 . As for Mechanism I, the tube model must obey the yield condition of (14) , so from Figure 9 we get the condition 1 ≤ 32.3 MPa. From the above discussion we get a conclusion that Mechanism I is realized in the pressure range 23.2 MPa ≤ 1 ≤ 32.3 MPa. The deflection of the tube depending on the pressure wave can be obtained from (11) , and the result is shown in Figure 10 .
For Mechanism II, the discussion will be a little more complex. Firstly, from (19), we get the coordinate 0 as a function of wave pressure 1 , as shown in Figure 11 , where 0 commences from pressure 1 > 32.3 MPa.
According to the yield condition for Mechanism II, we can also draw three curves of wave pressure from (20) , as shown in Figure 12 . From Figure 12 and (13) we can get the pressure range for Mechanism II, which is 
Experimental Phenomena and Results
In order to get a visual impression of the metal tubes impacted by shock waves, we set up a list of experiments to observe the phenomena Some of the deflection curves of the cross-section are shown in Figure 16 . Figure 16(a) shows the deflection curves of the tube with a thickness of 0.00275 m and distance of 8 cm. The largest deflection at the midpoint is 2.4 cm, and the angle of deformation = 0.942. Figure 15(b) shows the deflection curves of the same tube with a distance of 6 cm. The largest deflection at the midpoint in this situation is 2.4 cm, and the angle of deformation = 1.04.
The results of the other experiments are shown in Table 2 .
As the distance between the explosive charge and the tube is very small, and the pressure sensor we used at present is too big to use in the experiment, so it is nearly impossible for us to acquire the applied pressure waves acting on the surface of the tube. But the numerical simulation methods can solve the problem quite well. So we carry out the numerical simulations in order to acquire the pressure waves on the tube. The numerical simulations are performed with the commercial finite element code LS-DYNA. Three different material types are involved in the finite element model: the TNT explosive charge, the air, and the metal tube. The Jones-Wilkens-Lee (JWL) equation of state [25] Four different geometric parameters are modeled, namely, distances with 2 cm, 4 cm, 6 cm, and 8 cm. Due to the symmetry of the problem only 1/4 model is used, as shown in Figure 17 .
Typical results are presented in Figure 18 . From the figure we can get the peak pressures caused by 75 g TNT charges at the distance of 2 cm, 4 cm, 6 cm, and 8 cm. Through using the methods discussed in Sections 3 and 4, we can get the residual deflection.
The pressures are tabulated, along with the theoretical deflections calculated with these pressures, for comparison with the tests. The result is shown in Table 3 .
The comparison shows that the results of numerical simulation agree well with the experiment. Thus, it seems relatively adequate to use this method in the forthcoming optimization study of the metal tubes subjected to the explosion impact loading.
Conclusions
In this study, an analytical model is presented which predicts the transverse displacement and the deformation angle of the steel circular tubes subjected to a blast load. A series of assumptions is made during the analysis. The form of the load is simplified to be a linearly decaying pulse shape and distributed uniformly over the upper semicircle; the tube material is thought to be ideally rigid-plastic; use the simplified Tresca yield domain to describe the plastic flow of the circular tube. On the basis of these assumptions, the following results are obtained.
(1) Two different deformation mechanisms are presented depending on the intensity of the wave: Mechanism I and Mechanism II. The pressure range of each mechanism is calculated depending on the yield condition. The residual deflection can also be obtained from the equation.
(2) A series of experiments are made to observe the phenomena of the circular steel tubes subjected to the blast load. From the experiment we can see that the tubes experience local and global deformations. For the local deformation, the residual deflection of experiment agrees well with that of the numerical calculation.
(3) The method we provided can predict the local deformation of the circular tubes and can be used in the field of security of the oil traveling industry.
